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Small Islands usually rely on foesil fuels for their energy supply and face comumon challenges such as high energy
coete and carbon dioxide emissions. For these reasons they represent interesting cases for analyeing the transition
towards a clean and secure energy system. Nevertheless, integrating non-dizpatchable Renewable Energy Sources
in the power grid causes stability issues and thiz iz particularly true for izland gride. Such issue iz not Rully
conzidered in long-term energy planning; indeed, an important factor that should be considered in order to
ensure the reliability of the grid are Reserves. There are different types of Reserves depending on the reac-
tiveness/response time and the duration of the serviee. In this paper, primary and secondary reserves have been
analysed in crder to plan the long-term energy transition of the semall island of Favignana, Italy by means of the
new version of HZRES, a Linear Programming single-objective optimization maodel able to provide a long-term
capacity investment and dispatching optimisation. [t has been found that biomass generators are favoured to
both photowvoltaic and wind turbines for their ability to provide reserves and alzo decrease the unpredictabality of

the supply. Batterics and Electrolvsers are also used mostly for reserve provision.

1. Introduction

Even though the World economy is facing a global crisis [1], the
process trowards a decarbonised energy system is steadily proceeding
[2]. Clean technologies investment are increasing and as such the share
of renewable energy sources (RES) is increasing too [3]. European
Countries have decided to Invest heavily on renewables and are
committed to be the first ones to reach carbon-neutrality [4] even more
so after the recent energy crisis due to a sudden increase of fossil fuels
prices [5], especially gas in the case of Europe [6], but this was also the
case of coal that hit the economies of India and China [7]. The unex-
pected increase in fossil fuels cost, as well as the realisation of the
vulnerability caused by energy dependence to foreign nations, has had
the same effect that Carbon taxation might have had thus boosting even
more investments in RES technologies [£] and the shift to a new age of
clean technology manufacturing [9].

In this situation, islands offer an ideal environment to test innovarive
strategies aiming at providing essential clues and insights for the
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scalability and replicability of such solutions [10]. This is particularly
true in the case of small islands, that most times have power grids
strongly reliant on fossil fuels [11] that due to low systems inertia and
stability issues [12] lead to energy costs much higher than those on the
mainland [13] as well as extremely high greenhouse gas (GHG) emis-
sions [14]. Moreover, small islands alse suffer from the smaller oppor-
runities for geographical diversificatdon of scurces thus all plants
installed on the island suffer the same weather conditons thus repre-
senting a bigger threat to the power grid whenever a sudden change
happens [15]. Also, Italy follows such idea, indeed a specific Ministerial
Decree has been issued in order to establish the RES share that each
small island not connected to the national grid must reach until 2030
[16].

One of the approaches to decarbonise small islands energy systems
while ensuring their stability and safety is that of Smart Energy Systems
(SESs) [17] and sector coupling [18]. Indeed, SES approach provides
innovative and effective strategies to handle non-dispatchable RES
power produetion [19]. Furthermore, SES also enables to decarbonise
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other energy consuming sectors than the power one while optimally
exploiting the symergies between all pectorn and energy vectors [20] by
means of different technologies and strategiss tuch az demand responze
21]. Several smodies have proven such approach focusing on generic
demand response programmes [22], on the interaction bemween
different storage and RBES technologies [25] on the connection with the
tramgportation sector [24] or the regidential heating ome [25], on the
benafits of dictrict heating and cooling networks [26]. Moreowver, the
approach haz aloo been tested ar different scales, from the zingle
building scale [27] to the national [25] and even continantal one [25].

It iz clear how such an integrated oyetem requires complex analysiz
anil careful ensrgy planning co 2z to conzider all sectors needs and ne-
cezgities 30 2z to ensure 2 just and efficient energy tranoiton [30].

Ome of the bect tool vo do it is through anergy spstem modelling and
particularly viz optimization modelz, which have been proved to be 2
waluahle tool for policy mahers in this process.

Mevertheleza, the difficulty in modelling such complex systems iz
evident Conventional models wvrually adopt a simplified approach
through low temporal and operational detail [31] but it has bean proven
how the increasingly high penetration of variable RES males short-term
yatem operation more important to congider sven for long-term oystem
planning [32]. To thiz extent, Palmintier [35] and Poncelet [34] ana-
lyzed the impart of different constraine on requlte and they both came to
the conclusion that operating reserve requirements has an important
role. Additionally, Palmintier and Webster [35,36] concloded that
neglecting come of these constraints has a significan: impact on the
obtained optimal remalts in termz of capacity and generation mix
Particularly, it recelt in low invectments in flexible generators, which
leadz to reserve chortage, load chedding and additional renewable
curtailment [37] a2z well an lower investments in flexible peak-load
technologier and an undersstimation of the toml oystem costs [30],
Thusz, an increasing oumber of soudisa kave started to incorporate fex-
ibility and seability constraints in long-term enersy planning [39],
Recent studiss can be found regarding the potential of BV az recerves
providers and how different strategies can impact the snergy system and
the rezeryss [20].

The most advanced approach to consider much ifzgues iz that of
conzidering ancillany ressrves, an approach that iz not found very aften_
Particularly, most models tend to conzider this aspect through a Mixed-
Integer Linsar Programming (MILP) methodd [41] whils very few models
managed to maintain the model linear. An example can be given with
the R=BDE model developed by NREL [42].

All these aspects gain even more importance in ngular energy 7y
tema. Thue, the novelty of thiz paper iz that of developing a linear
conatraints [representation) o include bodh primary and secondary
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rezerves in a long-term energy planning model in order to assess the
impact thar conzsidering stability isoues might coeate to plan the futare
energy oyotems of small izlandz. The paper will focuz on identifving the
impact that conzidering, or not, such reserves haz on the finsl rezulez on
the entire system az well 2z on single technologies operation in order to
identify those technologies that best fit the role of flexibility providess.
The analyziz will be developed on the case study of the Pavignans izland
ap repregsentative of the many not interconnected omall izlands in the
Mediterranean az well ag all others in mild-to-warm climatea.

2, Methods

Thiz section describes the main charactesiztics of the HIRES mode!
[43]). Whar differentiate thiz modal from others iz the face that it iz =
long-term model that conziders sector coupling solutions while main-
tining a high temporal {ie. hourlyl and technological resolution.
HZRES i¢ an optimization model based on LP [44].

Fig. | chows the connectionz and interactions betwesn the main
cectorn that are considersd within the modeal that are the power, heas,
induztry and trancport sectora.

The model iz able to concider a great number of tachnologies, from
the traditional generator: to renewables such ao solar, wind, and hydro-
river (HRORL

The connection with the heating sector is enabled through Electric
Boilem (EB:), Heat Pumps (HPa} or Combined Heat and Power (CHP)
plants while, of course, also conventional boilern can cover such demand
uszing different fuels Additionally, HIRES haz the ability to model
different technologiss within the sams group of EBg or HPo thus allowing
to conzider several technologies within the same type, bt with Jifferent
technical parameters, capacity and coct (=g, air-to-air, air-to-water, oo
ground source heat pump.

Purthermors, HIZRES aloo takes into account the hydrogen (Hy) de-
mand with an howrly resolution. The Hy demand can also be diztribubed
acrogz differsnt sectorz {eg. transport, building, induatry) or can be
conzidered azan overall Hy demand (this can also conzider the export of
hydrogen). Moreowar, the model alse optimizes the zize of elactralyzer
{ELY) and Hy storage in order to optimally cover such demands.
Regarding the connaction with the pawer grid, HIRES aloo amalyzes and
optimize the gize and dispatch of foel cellz (FCI. Az in the caze of the heat
sactor, HZRAES enables the weer to conzider several ELYz and FCa tech-
nologies, with distinct technical and economic parameters 2o as
compare different technologiss and understand proc and conz of each
one within the analysed timeframe.

Az :fmmmthanHﬂEEﬂh:]ug&uﬂhilnﬂrpmg.mm{LP}.m
decicion variablez are of three different gpe. There are yearly
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Fig. 1. Flowchirt and connection within the H2ZRES madel
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imvastment capacities that are made for each of the technologiez at sach
wear. The model azsumes that the additional installed capacity is
immediately available in the At howr of the yearin which it iz insealisd.
The second type of decizion variables are those representing the gutput
of generators and storages {for each analyzed sector) that are optimized
for each hour of each simulated year for all technologies that have an
inrtailed capacity diffarent than zero. The thind s=t of variables corre-
sponids o ctorags levals (hyrdro, heat Hyl that, = for the dispatching, are
maodelled for each technology with an howrdy resolution for each year in
the horizon

The HIRES model ohjective i3 that of minimicing the total syetem
coot considering both operation and invertment in new capacity for 2ll
wears in the horizon. Since HIRES iz able to cimuolate long-term plan-
ning, the fumre valoe of funoe operation and capacity costs are alzo
actualizad to the pame year in ordes to enable a fair comparizon betwesan
investment within such a large tmeframe (e.g. from 2020 to 20500
Bquation | 1 | chows the moat generic axpression of the H2RES objective.

»»>

In: Bguation (1), the different tarmo reprecent the dispatching coot
[Dap v ) of each technology ¢ in hour p, in year ¥. The variable coot (S,
depends on 2ll operational coctz both depending on fuslz and thoo
zsimply Jue to normal operation (ie non-fuel costz), 2z hown in
Bquation (2] Thiz stucture allows to oimulate cost structures of
Jiffarent types of technologies

Copy = ifmil:a.r:-,.-.
|

0 + NonFuelCon,

(2]
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The investnent cost iz reprecented by the second term of Bquation
11 in temme of cost of additional capacity for each technology, this is
then anmualised thanks to factor K, where the subscripe ¢ indicates the
technology: The tesm C, |, represents the capital cost of 2 carcain tech-
nology that might change in the different modelled yearz so tomadel the
technology change in coot (leaming curve) of a technology that might
hawe reduced capital cost in the furare, thiz iz an input. The cost for ramp
op and down and for imports are represented by the third and foorth
terma of Bguation (1), respectively. It iz worth specifying tha: the
adopted verzion of HIRES allown only for elecoricity import and not for
export. Furthermore, this iz done having the import price as an input et
by the voers that iz expressed with an howly resolution for each of the
maodelled yearm. Purthermore, also the coot of emizciona (Le. CO; =miz-
ziono) are taken into account (e EUR/ACO4).

Thua, HIRES evaluate the optimal size of different technologies ag
well az their operadion achedule in terme of dizpatching with the
objective of minimizing the cverall syotem cost. All of thiz, iz oubject o 2
zet of technical and =conomic comatraints. The core constraints and
HZREES working principle are briafly axplained in thiz section, for 2 more
detailed deccription one can refer to Raf. [45] and to the open-vowrce
code thar iz available on H2RES weabaite [46].

HIRES iz able to dizaggr=gate each type of demand (e.g. el=cicity,
heat, and Hy) within the differant sector: (e indeeoy, agricolmre, and
othern). The core constraints are those that guarantee for each energy
carriar that the required quantity iz supplied in every hour of every vear,

I order to supply such demands, generatom cutput are optimized
every hour of every year. The output level of every technology iz of
course constrained by the insmalled capacity that i settled ac the
beginning of each year comsidering pew imvestment and the
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decommizsioning period. Indesd, if capacity investment iz allowed, the
upper bound can be adjusted in future periods adding new capacity but
always conzidering the mavimum level: of allowed investments for
technologies (potential of esach technologyl. If required, a minimuom
lewmel can also be et for certain technologies so a3 to analyze cpecific
policy measores.

For storage technologies, HIRES pptimize the atate of charge ar an
houzly rezolution for sach year in the model horizon. Hydro-dam unit
are the only storage technologies with 2 “natural” imput level depending
on the inflovws, while all adther storage tachnologias” inputn io optimized
by the model: thiz iz the caze heat ctorages, Hi storages az well ac bat-
teries or other elecmicity otoring technologies. Each storage unit has a
ini and a mavimum staee of charge that must be graranteed for
each hour in the time hodzon The state of charge aloo limies the dis-
patching capabilicy in each houor.

The decizion wariables are optimized also mmder some policy con-
straints. Indeed, H2BES conciders three maim Jifferent policy di-

i

mengions, which can be used independendy or together. Firot, HZRES
allows to define different Ievels of critical excear of electricity produc-
tion {CEEP) allowwed during a given year: If the model ic uzed in a long-
term planning scenario, users can set 2 maximum CEEP level for =ach
wear in the tme horicon. Secondly, H2RES comciders targetz for
renewahle energy in the form of RES chare (%], Az in the case of the
CEEP tarpet, HIRES allows to model different targets for differant yeara
in the model horizon. Hence, the model allows o analyze systems con-
Bgurations that comply with a tranaition towards low carbon economies.
Lastly, HIRAS aloo conzidess yearly limit for GOy {or Oy} emisziona
levelz, Az peveral long-term energy planning model, given their
complexity and detailed modsalling of the hourly oparation of the snecgy
system, HARBE does have zome limitations in termo of technical desils
for some technologies. Neverthelass, the ability to analyze ensrey o
temz with a hourly resolution, 2z well a im tachnology richness and the
different energy demands and cectors that the model iz able to analyze
makes it a reliable model, az it iz alzo proven in Ref [44] whers it io
walidated againgt the PLEXOS model or in Aef [45] wher= HIRES io
used to analyse country level decarbonization pathways, or, in Ref [47]
whare it io uzed to asoes RES integration in Dictrict Heating and Cooling
svatem in mild and Mediterranean climates, among others.

To increxce the technical detail of the model in addition to the
traditional constraints found in long-term energy system moddels new
onez hawe been added in order to concider the stabiliny izsnes that are
particuiarhy relasant in the context of 2 cmall izland. Being the modal a
“steady state” model with perfect forecight, the recenres are neves
actually necemsary. What iz cheched in the model ic that plants are ready
to provide reserve but it does not concider the actual provision of
reparye, but rather the implicasions of having suffici=n: reserve at hand.
Obvioualy, the actual activation of a regerve would cavse a deviation of
the electricity generation in thizs steady state, eg. to compensats an
outage.

Tf.egmmlr:um‘!:mmhuh:hmminequ:ﬂmlil anl (4] far
upwardz and downwards reserves (both primary and zecondary),
respectively
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where rindicated the available resarre offered by zingle plantz and R ia
the reserve requirement to ensure the grid stability in every howr of
every year. The superacripts have two information.

The first one can be up or down and it indicates if the recerve iz meant
for wpwands or dowmwards reserves. The second part of the supemcript
indicates the technology (ie. TP stands for Traditional Plante, STO for
storage, and the othar acronyms are the zame used in the reat of the
paperl. The subscripts are three; the ¥ and the § mdicaze that the con-
straints iz cheched in every hour of eveary vear while ¢ stande for the
diff=rent plantz belonging to the came technology group.

Egquationz from (51 to (16) chows the comsmaing for primary and
recondary reserves | primary and secondary recerves is indicated by the
subscript ! or 2, respectivelyl.

r:':" = min{ Pmax, — Fg, | Fg. Ramplp, } (3]
rl‘:’""” = :rn.iul.Pg._ —Pmin ;P ; R.:.mpﬂ'mmi' (6]
e —min| Pmax, — Pout, ; Batpe | 4]
PO — P, (ks
piea T . P, 23
ri—T e — min { P, — Ping,  Bate o, —Balpey, | (13
r=" = mitn| Pmz— P, — P Ramplip, | (113
r‘i’l';_"""'_"= m.iu|.i"g._ - — Pmin,; Romplown, :- {13)
P min{!‘m — Py, — 3= ﬂﬂ:&x;_-} (13)
r._',",_;*;"'—'!"_-_—.r“.""’f""" (14
P Py — (15)

il m'u:{.ﬂm;. — Ping — = gy~ Ba u_-_,} (181

The dhown equation hawre been linearized in order to keep the model
aLF ons

The sessrve requirement was instead the sum of 2 percentage of the
renewable, non-dispatchable, production (ie 20%) and of the alec-
tricity load (109} n every howr Thess wvalues hawe been ncreased
compared to the ones adopeed in Raf. [45] since the ixland nansre of the
grid requires higher resanves

I thiz receasch diffsrent scenarice will be anabmed.

The scenarics will study the snergy system with a growing renswabls
enargy share up to 1009 in 2050. Thiz scenario will be analysed in 3
different cases

1. Without ancillary regenves;
2. With primary reserves;
3. With primary and sscondary regerves

The scenarios will be analyzed zsparately and them compared w
undemtand the full impact of resenves when planning the energy

Cramartion.

3. Case siudy Pavignana island

The case study that has been analyoed in this paper is thar of the
Favignana izland within the Aspadian archipelago in the north-west
coam of Sicily. Pavignana iz the bigges ioland of the archipelago with
itz 3407 inhabitants. Az mos of omall islands arcund the world 2nd n
Italy, Pavignana electricicy demand of 12.56 GWh'y are gupplied in
almogt itz entivety by seven dizsel generators with an oversll noorinel
power of 12 MW. Additionally, on the izland also 3 zmall production
from roaftop PV sywtems can aloo be recorded (Le. 170 kW)

Pegarding other energy consumptions, trangportation representn
around 60% of the whole enargy demand and this i mainky connectad o
maritime transporcation that conrumes 57.23 OWh/'y. Thiz iz not vn-
mainland, with a consivtent number of daily tavellers for wock and
educational purposes, and benween izlandz within the archipelago [42].
Az for all demands, alzo the one for cancport iz highly seaconal Jue o
the importance of touricm for the izland. Terrestrial mwanoportation iz
divided into diesel anid gacoline and it iz equal o 3.0 OWh/y and 5.5
OWh.y, recpectively.

Moat of the heating consumption iz supposed to be provided by
electricity and it ia thus congidersd within the alacericity consumption
that has been provided by the icland only D0, SBA G.poa.. Additionally,
5.4 OWh'y of LPD are aloo used for heating purposes.

The primary snergy conmmmption share of =ach energy conruming
sector can be oeen in Fip. 2

Az previoudly briefly introduced, the izland in a fameous touristic
destination thizs makes all the consumptions trends srongly seasonal
with higher peak in summer 2z it can be sean for the electricity con-
sumption in Fiz. 3a In Fig. 3b, statsdcs about the heating demand are
depict=d_

Regarding the local RES potential, their houdy profiles have been
dowmioaded by renewableaninga [50].

All the technology-related data used in the analyiz iz described o
Table | Availabilisy factorm of PV sysrems and wind are concidered mw
remain similar bo 2020 levels for each future year.

In Tzble 2, the coat of foszil fisels in the bapeline year (ie 20200 are
shown. It has bean ansumed a 1% bvcrease rats par year for all fusl pricea
{ie gaz, oil, biomas).

Az reganda Table 2, the higher coot has been conaidared dus to lo-
giztic izoues of insularity 2= svaluased and detailly sxplained in Ref. [57],
the oorarprice iz conzidered to be equal to 20%% of the ariginal cooton the
mainiand.

Bagarding the opdmization variables upper threchalds have been
estimated with the following hypothesiz.

The upper bound for the total recidential PV capacity has besn
identified to be equal w 16 MWy, 2= dezcribed i detail in Ref [35]
Begarding large ocale PV, the maximum capacity that can be installed

Share of Primany F.Ili-r._!\.' Consum@tion oy sector

\

Fig. 2. Primary energy consmptiom share per sector.



'$$%$% T,

HEATING

|
,xﬁil**f

B

¥

r i

**

.

a) ki
Fig. 3. Favignana a) electricity and b} heating loads.

Table 1

Techon-eronamic data for analbysed techonlogies.
Techoslogy adis Y 2020 (W unlc) W 2030 (WE Ausdn] TP 2040 (IS A umdch TRV 050 (W undt) Efficlency Bouree
Large sale FV L] .53 &3 033 . [=11

o83 RET .56 =]
Resldemdal PV MW 113 BT 65D {51]
1.25 1 - KBS [52]

Wimd MW 112 1.04 0.a8 0.0 =]
FEMFPC CHP W 13 1.1 (783 S 511
SOFC CHR MW i3 2 - LN SO [51]
Adlaling Elerrrolyzes W 0.65 h4s [} &35 &5.5-TEe [52]
EOEC Flectrodypes MW 4.5 ] 13 ey T35 {521
PEM Elecirolyme W 1] &S D45 o4 52-T0.Se 521
HI soeage {rimis) MWh o7 0045 0027 (PR | - [543
1-hovts Rattery MWh 1042 622 D304 0.I55 2% (charge/dSw harge svermge) [54]
sy Do ey MWh 047 04T 0425 403 FO-B5% [55]
k. b by Mch 0.278 ILIES 0.2532 24 L= [55]
ai-mo-water HFs ] 132 1.07& 1.016 D956 S253 | wverage ) [55]
pEntwimal HP MWEh 1.033 1.835 1.74 1.566 AEZ] (Ewerage ) [55]
Elaorc boilems IWch .aa 85 Bl [+ Plees [55]

i 4 » the capacity of biomass generator to produce clean electricisr

Fued cost [561. = the ability of biomaz:z generators to provide primary and secondary

rezarven

D Cost [£,01] Encicased com /AT » reduce the nead of reserves (B and B2 in Bquationsz (3) and {41)
Hamral gas B3 .96 reducing the non-dispatchable alectrici wduction
Dibecaed 16 192 by seducing Sk R
Blid]zsed 26.56 .87 A :
Gaanline 16.8 157 The lower non-dizpatchable snergy production alzo causes lower

hap besn set to 2 MW 23 per communication from Favignana Munici-
palizy itpelf that haz already identified the nesded space on the island n
accordance with the supeintendencs,

Az regardz batteries, the vpper threchold haa been identified based
on the PV capacity upper bound thuz hypothesizing a reasonable zize
that has been asmumed az 100 MWh. 4z it can be seen in the remls
section, thiz upper bound does not impact the regults since far Jowes
zizez of Li-ion batteries are installed in all scenario:

4. Regultzs and discussion

In thiz section the requln of the analyzed scenarios are shown In
Fig. 4, large differences can be found in the energy produced every year
from different enesgy vectors when reserves consmraints are conzidered.

A gradual chift from solar and wind towards biomass produced
elecimicity can be clearly geen. This iz also mirored by the investments in
RES generators that indeed are affectsd by the constraintz on primary
and secondary reserver a2 chown in Fige. 5 and &,

Inbeed, it iz vicible hosw less conzizstent the mrestment in PV amd
Wind turbine are. Thiz iz doe to three major reacons:

e

Imvestment in Li-ion batterias az it can be peen in Fig. 6.

Ragarding other fexible technologies, diffsrences can be found for
HPz and EBa az well az for PGz and ELYa e chown in Figs. 7 and . it muat
be noted thar the adoptad ocales are differant and HPz and BBg are in the
veales of kilo-Wates while PCa and BLY: are in the seales of hundreds of
hilo-Warm.

The installed capacity of all thase four technologies in increased
when primary resarven are needed compared to the case when no re-
sarves are needed. Neverthales: it ic interecting to notice that in the cacs
of secondary reserves the installed capacity of FCa, ELY2, and alzo EBa
[=ven thoogh the difference iz onby ca. 3 kW) decresses whils HP: are the
only flaxible tachnology that dightly increazes when secondary reserces
are alzo paken into account

It iz nowe interesting to understand how the Jiffarent technology are
adopted for providing recerres.

In Fig 9, the amount of reserves provided by sach technology per
wear iz chewn both for upward recemmes (Fiz. 9a) and dowmwards one
[Fig. 5b)

It in wizible how the major sources of reserees in the barelins year are
the two discel generators and the small Li-ion plant In the nex: yeam,
biomaz: bacomes the major reserve zupplier, both up- and dewmeards
followed by Li-ion batteri=o that in 2050, when a 100% RES chare in
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Fig. 4. Yearly snergy pooduction by energy carrier In scemanics a) withoad
reserves, b} with primary reserves and o) with primary and seeondary reserves,

reached, supply 2 comparable amount of reserves around the SO0 MW in.
the whola year Purthermore, when the 1008 RES chare iz reached the

need for ELY to provide downwards reserves i evident. It io worth
noticing that a negligible amount of downward reserve i provided by
EBz in 2050.

In Fiz. 10, it can be appreciated how the diferent tachnologies are
used in termz of electricity supply and reserve provision fin the caze of
Li-ion ctorage both charge and discharge are depictad).

It iz intereating to analyse the Jifferent rol=z of technologies in the
future energy cyotem and hosr it changes throughouot the years. Biomasz
iz mainly used for elacmicity produrtion with a miner contribution to-
wards reserves in termo of fime even though we bnow, from Fig. O, dhasit
iz the biggect reserve provider of the whaole energy oyztem The gasz
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Fig. 5. Capacity imvestment per RES technology i scenarios all without me
serves, bl with primary reserves and o) with primary and secondary reserves.

supplier mowards being mainly 2 reserve provider in 2030 w then
dizappear in a 100% RES dhare syztem. In 2050, when the 100% BES
uzed extremely differantdy. Indeed, the elactrolyzar’s main funcdon iz
that of a reserve provider and mainly for downwards reserve; while the
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PC, precizely & SOFC, iz mainly used a= a power generator while alsa
providing both wp and down recerve services. These outcome: provide
interegting ingights since they suggest that regerve provizion might
represent the core business model for ELYz while the use of bydrogen for
power production through PCz would be almost negligible since it covera
only around 109 of the time of use.

Li-ion batteries hawve a gimilar uze throughout the whole time-
horizon being mainly a reserve supplier with a balanced dhare of up-
anid dowmn-wards ress=rve use. They aloo have a relevan: role ac a load
[charge mode) and a power supplier (dischargs) but only in 2020 when
the RES chare iz faidy low and the need for reservec iz limited. Prom
2030 onwards, when PV and Wind torbines are inctalled, Li-ion batterisz
wark for almost 85% of the time ac reperve providars.

Begarding the heating zector technologies, HP: and EBo hawve
different roles in the oyztem. HPg are inoealled n 2030 and are uzed for
both heating sopply and dovnwards reserves and thiz ope of we i
replicated alzo in the following years with an incresgs in the heating
rupply aince the gas boilers that are initially ctalled are decom-
mizsioned and thuz substimuted by HP:. Differently than HPz, EBz are
installed only in 2050 and are veed almoct entirely for dowmwrarda

reserven
5. Conelusion

The fimt conclusion that can be drawn in tha: when recerves are
conzidered great differences in the optimal investment towards 100%
RES zhare can be found.

Biomaz: gensrators become the bect option for power production
and so imvestments in PV and Wind turbines drop drastically. Indeed,

biomars genarators being dispatchable bring a threafold advantage such
az i) providing clean energy, ii) baing able to provide resarves services
and i} reduce the nesd for reserves that is evaluated as 2 percentags of
the non-dizgpatchable power generation and of the power load.

Furthermore, Li-ion batteries are the second most provider of re-
peres services reaching a value that is comparable to the one provided
by biomass generators in 2050,

It war also concloded that the hydrogen supply chain ic advants-
geous only in a 1009 BES chare gystem (ie. 2050) when both ELY and
PC are installed. Iz io inter=cting though how Jifferendy these technol-
ogiee are used. Indesd, BLY are uzred for mosz of the time ac dowmwards
resarve: providers and only 10% of the time 2z a load o produce
hydrogen. On the other hand, PCs are mostly uoed for power production
[i= ca 60% of the time) but alzo for reserves provivion with a balanced
thare between dovm and vpwards regerven. This outcome can be inter-
esting for rethinking the businesz model of EL¥z but alse for policy
makery that chould carefully think about proper markewn for ancillary
parvices. It chould be noticed that in this paper the opportumity to export
bydrogen wras not conziderad, so the hydrogen price on the giobal and/
or local markets might change the optimal operation soategy for zuch
technology and mainty ELY.

It i meverthelese clear that at least primary reserves chould be
conziderad a: planning stage in order to properly zice not only the RES
generator but mose importantly all those technologies that will have to
cope with the unpredictability of non-dispatchable RES.

It muct be mentioned that like other long-term energy planning
maoddalz HIRES doas have come limitations due to the asoumptions made
in tarma of technical details since the model aims at analyning ctrategic
lomg-tarm decizions.
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